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ACCORDING TO CONTEMPORARY MODELS, THE INTERAC-TION BETWEEN HOMEOSTATIC AND CIRCADIAN PROCESSES
REGULATES THE SLEEP-WAKE CYCLE. [1] [2] [3] The circadian process represents the rhythmic variation of the sleep and wake propensity over a 24-hour period. The homeostatic process represents the accumulation of sleep pressure, with increasing time awake followed by its dissipation during a sleep episode. A precise phase relationship between these 2 processes is necessary to ensure optimal quality of both sleep and vigilance. Traditionally, the time course of the homeostatic process is evaluated by the intensity and the dynamic of slow-wave activity (SWA) during nonrapid eye movement (NREM) sleep. The decline in SWA during NREM sleep reflects the dissipation of the homeostatic sleep drive. The dissipation of the homeostatic process during the night can be approximated by an exponential decay. 3 Results have shown an enhancement of both slow-wave sleep (SWS) and SWA after an extension of prior wakefulness. 1 Thus, SWA increases with the number of hours of wakefulness, according to a saturating exponential function.
Electroencephalogram (EEG) recorded in a resting waking state has been proposed as an objective measure of alertness levels. Earlier studies have shown an increased EEG power density in the theta (4) (5) (6) (7) (8) and alpha (8) (9) (10) (11) (12) Hz) frequency range across prolonged periods of wakefulness and a strong correlation of these bands with subjective alertness. [4] [5] [6] [7] [8] Recently, it has been proposed that the wake-dependent modifications observed in the spectral power of the waking EEG may represent the same underlying homeostatic process as the sleep SWA. 9 A study has investigated this question by relating, in young individual subjects, the changes in the EEG during a 40-hour sleep-deprivation episode to those found in SWA during recovery sleep. The results revealed a positive correlation between the increasing rate of theta activity (5) (6) (7) (8) in the waking EEG and the increase in SWA during the first NREM sleep episode following the extended waking period. 10 Aging is associated with a significant decrease in SWS and SWA, suggesting an alteration in the homeostatic sleep process. No estimates of age-related changes in the build-up parameters of homeostatic sleep pressure are currently available. Very few studies to date have assessed the effects of manipulations of the homeostatic process in aging. Two recent animal studies showed that the sleep of aged animals exhibits reduced responses to sleep deprivation, compared to the sleep of young ones. 11, 12 In human studies, elderly individuals have been subjected to acute sleep deprivation. While some studies have shown no difference in the rebound of SWS or SWA following sleep deprivation between young and elderly subjects, 13, 14 other studies have reported that the SWS rebound tends to be less intense in elderly subjects. 15, 16 Therefore, it appears that even though the homeostatic process of elderly subjects has the ability to respond to major sleep-deprivation challenges, its overall capacity to respond may diminish. This incapacity to increase sleep intensity proportionally to a prolonged wakefulness period may indicate a reduced sleep ability in the elderly (ie, inability to generate sleep) or a reduced sleep need (ie, less sleep would be needed with increasing age to maintain optimal levels of vigilance). A few studies have compared the effects of sleep deprivation in young and older subjects on subjective alertness (by visual-analogue scale), sleepiness (with the Multiple Sleep Latency Test), and psychomotor performance. They have found either a similar or lower deterioration of these measures of vigilance in the elderly compared with young subjects. 13, 15, 16 These results indicate that the vigilance of healthy elderly subjects may be less sensitive to the accumulation of wakefulness than is that of young ones, thus expressing an attenuated rise in sleep need.
Important modifications of the sleep-wake cycle appear between the ages of 20 and 60 years, the most prominent being a decrease in SWS and in SWA during NREM sleep. [17] [18] [19] We recently investigated the effects of a 25-hour sleep-deprivation episode in young (20-to 39-yearold) and middle-aged (40-to 60-year old) subjects. 20 The SWS and EEG SWA were potentiated in both groups following sleep deprivation. However, the rebound of SWS and SWA was significantly less pronounced in the middle-aged than in the young, suggesting attenuation in homeostatic sleep response in the middle-aged subjects. The aim of this study is to evaluate the differential effects of a 25-hour sleep-deprivation episode on resting waking EEG and subjective alertness in young and middle-aged subjects. Based on the decreased response of their sleep to an acute sleep-deprivation episode, it was expected that middle-aged subjects would show an attenuated build-up of homeostatic pressure during waking, as measured by a less-pronounced decrease in subjective alertness and a less-pronounced increase in theta and low-alpha spectral activity during the acute sleep-deprivation episode. Furthermore, it was also expected that the increase in waking EEG spectral power would be closely related to the effects of sleep loss on the sleep EEG in the 2 age groups.
EXPERIMENTAL PROCEDURES Subjects
Twenty-five normal subjects were separated into 2 groups according to their age: young (7 men and 5 women; 20-39 years of age; mean age: 29.6 years, SEM: 1.3) and middle-aged (6 men and 7 women; 40-60 years of age; mean age: 50.2 years, SEM: 1.4). These subjects are a subsample from the original 33 subjects who participated in Gaudreau et al's study. 20 Some subjects of the original study had to be excluded because of data loss (too many artifacts in the waking EEGs rendering them impossible to analyze). The subjects were in good health according to medical history. Blood-sample-analysis results (complete blood count; serum chemistry, including hepatic and renal functions; levels of prolactin; levels of testosterone in men; and levels of estrogen, folliclestimulating hormone, and luteinizing hormone in women) and urinalysis results were analyzed and checked by a certified physician for any abnormalities. All subjects were nonsmokers and free of any drugs or medication. Additional exclusion criteria were the presence or history of a psychiatric or neurologic illness, a body mass index greater than 27, and transmeridian traveling or night work in the 3 months preceding the study. Finally, none of the subjects reported sleep complaints; they all had regular sleeping hours (mean total sleep time, 8.2 hours; SEM, 20 minutes) and their mean chronotype, evaluated by the Horne and Öst-berg scale, 21 was 56.8 (SEM, 2), indicating an intermediate chronotype.
Each participant underwent a polysomnographic screening night in the sleep laboratory during which EEG, electromyogram, and electrooculogram were recorded. A nasal/oral thermistor and electromyogram leg electrodes were also used. The presence of sleep disturbances such as sleep apnea and hypopnea (index per hour >10), or periodic leg movements (index per hour >10) resulted in the exclusion of the participant. Subjects were instructed to abstain from alcohol, caffeine, and medication during the laboratory experience.
While the study included both premenopausal and postmenopausal women, perimenopausal women and women using hormone-based contraceptives or receiving hormone replacement therapy were excluded. Premenopausal women reported having regular menstrual cycles (25-32 days) during the year preceding the study and no vasomotor complaints (hot flashes, night sweats) and had low levels of follicle-stimulating hormone (<20 IU/L). They were studied in the laboratory during the follicular phase of their menstrual cycle. All postmenopausal women reported an absence of menses during the past year, and their levels of folliclestimulating hormone were above 20 IU/L. In the middle-aged group, 4 women were premenopausal and 3 women were postmenopausal. This research project was approved by the ethical committee of the Hôpital du Sacré-Coeur de Montréal. All subjects signed a consent form providing detailed information about the nature, purpose, and risks of the study. They received financial compensation for their participation.
PROCEDURE
Subjects came to the chronobiology laboratory for 4 consecutive nights and 2 days. Following each of the first 2 sleep episodes, subjects left the laboratory in the morning and performed their habitual activities during the day. When admitted on the third night, subjects remained in the laboratory for the next 48 hours. The timing of bedtime and wake time in the laboratory was based on habitual bedtimes and wake times of each subject averaged from the 2-week sleep diaries, a French version of the Pittsburgh Sleep Diary, 22 which had been completed by the subjects prior to the study. The mean wake times and bedtimes in both groups were not significantly different, although wake times and bedtimes for the middle-aged group were generally earlier (mean wake time , Participants underwent a mini-constant routine lasting 25 hours immediately following their habitual wake time on night 3. During this time, subjects remained awake in bed in a semirecumbent position, where they could read or watch movies. Ambient lighting was kept below 15 lux, and subjects were given small snacks on a regular basis. Waking EEGs, electrooculograms and electromyograms were recorded 1 hour after the wake time and every 2 hours from then on. Each recording consisted of a 4-minute eyes-open period. During the recordings, subjects were instructed to remain relaxed, to focus on a spot on the wall, and to avoid blinking or moving. Subjective measures of alertness were obtained on a 100-mm visual-analog scale every 30 minutes starting at wake time. A well-trained research assistant was present at all times. The mini-constant routine ended in the morning, 1 hour after habitual wake time. At this time, a daytime episode of recovery sleep was initiated, which was also recorded.
Polysomnographic Recordings
The EEG electrodes were placed according to the international 10-20 system using a referential montage with linked ears, a left and right electrooculogram, and a chin electromyogram. A Grass Model 15A54 amplifier system (Astro-Med Inc., West Warwick, USA; gain 10000, bandpass 0.3-100 Hz) was used, and signals were digitized at a sampling rate of 256 Hz using a commercial software product (Harmonie, Stellate system, Montreal, Canada).
Sleep EEG
Sleep stages were scored visually on a computer screen (LUNA, Stellate System, Montreal, Canada) for baseline sleep and the recovery sleep episode according to Rechtschaffen and Kales criteria 23 using 20-second epochs. Power spectral analysis was performed on the C3 derivation during NREM sleep with a commercial software package (Harmonie, Stellate System, Montreal, Canada), which computes fast Fourier transforms on 4-second epochs with a Hanning window tapering. This yielded a spectral resolution of 0.25 Hz. Automatic detection rejected artifacts, and analysis was performed on artifact-free epochs. 24 Epochs containing artifacts were regarded as missing data in order to preserve sleep continuity. After spectral analysis, five 4-second epochs were averaged in order to maintain correspondence with the 20-second sleep-scoring windows. Then, spectral activity was averaged per NREM-REM cycle. Slow-wave activity was defined as the absolute power (µv 2 ) for frequencies between 0.5 and 4.5 Hz in NREM sleep.
Waking EEG and Subjective Alertness
The waking EEGs were recorded and digitized according to the same parameters used for sleep EEG, with the exception of spectral analysis, which was performed on mini-epochs of 2 seconds, yielding a 0.5-Hz spectral resolution (Sensa, Stellate System, Montreal, Canada). Average
Hz. Six subjects had a missing EEG measure in the 13 waking EEG measures taken over time. The 6 missing data were replaced by the Yates technique. 25 For each frequency and each subject, the power density was expressed as a percentage of the mean value of the 13 measures taken during wakefulness.
For analysis of subjective alertness, the 3 closest corresponding values to each waking EEG measure were averaged. These data were then expressed as a percentage of the mean value of the 13 measures taken during wakefulness.
Statistical Analysis
The effects of sleep deprivation on sleep EEG power-density spectra were evaluated by taking the percentage of SWA at C3 in the first NREM cycle of the recuperation sleep over the total amount of SWA in NREM sleep in the baseline sleep episode. One middle-aged subject who had completed the mini-constant routine did not complete the recuperativesleep episode, deciding to leave the laboratory before the end of the protocol. This subject's sleep data could not then be taken for the analysis. Another middle-aged subject presented wake and sleep EEG data more than 2 SD over the mean of the middle-aged group and was excluded from the analyses. This subject's exclusion in no way changed the group difference in SWA during sleep or the spectral power of the waking EEG.
Two-way 2×(13) analyses of variance (ANOVA) with 1 independent factor (Age) and 1 repeated measure (Time) were performed to evaluate group differences in each narrow waking EEG frequency band. The relationship between the time course of the waking EEG variables and selfrated alertness was assessed by cross-correlation analysis. The correlation between the rise in waking EEG and the SWA rebound in sleep was evaluated by Pearson product-moment correlations. To assess these relations, the percentage of spectral power during the last over the first waking EEG was taken, thus maintaining the circadian phase constant. Statistical significance was set at a probability level of .05.
RESULTS
Waking EEG During Sleep Deprivation
In Figure 1 , 1-Hz frequency bands between 4 and 12 Hz during the mini-constant routine protocol are presented for the 2 age groups (young and middle-aged). A 2-way repeated-measure ANOVA revealed no significant interaction between age and time in any of the frequency bands studied (P ≥ .09) with the exception of band 5 to 6 Hz (F 12,264 = 2.2; P = 0.03) when the Greenhouse-Geisser correction was applied. Simple effects analysis revealed significant group differences at the first, the seventh, and the 23 rd hour after wake-up time in the 5 to 6 Hz band. Young subjects showed significantly higher values for the first and seventh hour, while middle-aged subjects showed a higher value for the 23 rd hour.
Subjective Alertness
As also seen in Figure 1 , young and middleaged subjects showed a similar decrease in subjective alertness in response to increasing time spent awake (F 12,264 = 45.5, P < .001); no significant age effect (P = .55) or interaction between age and time (P = .99) was found.
Correlation of EEG Power Density with Subjective Alertness
The association between changes in narrowfrequency waking EEG bands and changes in subjective measures of alertness was assessed using cross-correlations. Each waking EEG, recorded every 2 hours (the first was recorded 1 hour after waking), was related to the mean of the 3 closest corresponding values of subjective alertness. Since relations were strongest at time lag 0, standard Pearson correlations are reported. As seen in Figure 2 • indicates young subjects and ο indicates middle-aged subjects.
was found for certain frequency bands. In fact, young subjects presented a strong correlation in the 5 to 9 Hz frequency bands (P < .014) but no relation in the mini-frequency bands from 4 to 5Hz (r: -0.218; P = .474), 9 to 10 Hz (r: -0.381; P = .199), 10 to 11 Hz (r: -0.253; P = .405), and 11 to 12 Hz (r: -0.269; P = .374). The correlation spectrum for the middle-aged subjects was similar, with significant correlations for the 5-to 10-Hz band (P < .03) but no correlation for the 4 to 5 Hz (r: -0.467; P = .108), 10 to 11 Hz (r: -0.551; p=0.051), and 11 to 12 Hz (r: -0.534; P = .060) mini-frequency bands.
Sleep EEG During the Baseline and the Recuperative Sleep Episode
Detailed analyses of sleep have been presented elsewhere on a larger and overlapping sample of subjects. 20 During baseline sleep, no significant difference was found for SWA in the middle-aged (mean: 266,07 Hz/µv 2 , SEM 34.9) compared to the young (mean: 334.37 Hz/µv 2 , SEM 32.8) (T 21 = 1.43; P = .17). A Student t test demonstrated a significant age effect on SWA for the first cycle of NREM sleep in the recuperativesleep episode (expressed as a percentage of the SWA in the first NREM sleep episode on total SWA in the baseline sleep episode). The middleaged subjects showed a reduced SWA rebound (mean = 164.02%, SEM 11.6) compared to young subjects (mean = 240.93%, SEM 22.8) (T 21 = 2.93, P < .01).
Correlation of EEG Power Density and Subjective Alertness with Sleep Variables
No significant relationship was found in either group between the rise in each narrow-frequency band (expressed in percentage of the rise between the last and the first waking EEG measure) and the rebound in SWA for the first NREM in the recuperative-sleep episode (r < 0.487 and P > .13 for all mini-frequency bands). Figure 3 illustrates the relationship between the rise in the 5-to 9-Hz cluster (also expressed in percentage of the rise between the last and the first waking EEG measure for mini-bands 5-6 Hz, 6-7 Hz, 7-8 Hz, and 8-9 Hz added together) and the SWA rebound for each subject. Furthermore, no correlation was found between the change in subjective alertness and the SWA at night for either group (Young: r: -0.384; P = .218; Middle-aged: r: 0.180; P = .596).
DISCUSSION
Overall, our results indicate no age-related differences over a 25-hour mini-constant routine in the temporal evolution of subjective alertness measures. Similar changes with time were observed in both groups in the theta/alpha (4-12 Hz) frequencies of the waking EEG. These results are in contrast with sleep EEG data showing a reduced rebound of SWA following the acute sleep-deprivation episode in the middle-aged compared to the young subjects. Furthermore, while the waking EEG and subjective-alertness levels showed strong correlations in both groups, there was no relation between theta rise during wakefulness and SWA rebound in the first cycle of NREM sleep.
Earlier reports have shown a strong association in young subjects between alertness ratings and the theta/alpha power density (5-9 Hz) of the waking EEG under sleep deprivation. 5, 6 This study expands this observation to the middle-aged population and demonstrates similar associations in the 2 age groups between subjective-alertness ratings and the theta/alpha spectral-power density of the waking EEG.
The few studies that have evaluated age-related differences on the effects of sleep deprivation on vigilance have demonstrated a similar or greater effect in young compared with elderly subjects. 13, 15, 16 Our results indicate that young and middle-aged subjects show similar time courses of subjective alertness and spectral power in theta-and alpha-frequency bands during a 25-hour sleep-deprivation episode in constant behavioral and environmental conditions. Thus, the build-up of homeostatic pressure seems to have the same impact on alertness levels and the waking EEG in the 2 age groups. The waking EEG and subjective alertness of young and middle-aged subjects seem, therefore, to be equally sensitive to the acute accumulation of wakefulness. This lack of significant difference between the 2 groups does not seem to be attributable to low statistical power. With an α set at .05, we had an 81% chance of detecting an effect size of 0.26 which, according to Cohen's criteria, 26 • indicates young subjects and ο indicates middle-aged subjects. Black and white triangles represent significant correlations for the young and middle-age subjects, respectively. • indicates young subjects and ο indicates middle-aged subjects.
um effect size. Hence, our chances would have been very good to detect a meaningful effect using these parameters. In addition, we made further analyses on spectral power of the waking EEG for the 6-to 7-Hz frequency bin. The mean difference between the 2 groups in the last waking EEG measure was 2.3% (young; 119.99% and middle-aged: 122.29%). With statistical power set at 80% and α set at .05, 3229 subjects would have been needed for this difference to be statistically significant, meaning the difference observed is of very little importance. Furthermore, the tendency was in the opposite direction than what was predicted.
In spite of the similarity found during wakefulness, the middle-aged subjects exhibited a smaller increase in SWA during recovery sleep. These results suggest a dissociation in the middle-aged population between the sensitivity of their alertness level on the one hand, and the sensitivity of their sleep on the other, to the number of hours of wakefulness. According to this hypothesis, the alertness system of young and middle-aged subjects would show the same deterioration with an accumulation of wakefulness (possibly reflecting a similar sleep need), yet the middle-aged subjects would be less able to increase their recuperative sleep intensity following enhanced time awake (reduction in sleep ability). This inability to recuperate may put the middle-aged population at particular risk for the negative consequences of sleep deprivation. Therefore, it is important that future research designs evaluate how alertness recovers following recuperative sleep episodes preceded by various intervals of wakefulness. This will allow comparison with other studies that suggest that the relationship between SWS and alertness levels the following day changes across the lifespan. 27 In fact, while a significant relationship has been found between SWS and subsequent diurnal alertness levels in young adults, 28 the restorative role of SWS in neurocognitive functioning does not seem to be as clear in middle-aged subjects. 27 We also have to consider the possibility that the lower rebound of SWA in middle-aged subjects compared to the young subjects does not reflect a difference in the sensitivity of their sleep to the accumulation of wakefulness. While our study, as well as previous studies, give some answers about how the aging system reacts to sleep deprivation, a response measured after 1 change in wake duration does not give any indication about the sensitivity of the system, but only about its ability to produce a strong or weak response in a given situation. Discrepancies between studies evaluating age-related differences in SWA rebound following 1 sleep-deprivation episode may be explained by differences in initial or baseline conditions, length and duration of sleep deprivation, circadian time of recovery sleep, etc. Hence, the unusual circadian phase at which we scheduled the recuperative sleep episode in our study and that of Gaudreau et al 20 may be partially responsible for the betweengroup difference observed in the SWA rebound following a 25-hour sleep-deprivation episode. Only a build-up function, constructed by measuring the effects on sleep of multiple waking intervals, can quantify the ability of the homeostatic process to adapt the sleep drive to differences in wake duration.
We found no correlation between theta activity during wake and the rebound of SWA in the first NREM cycle of the recuperative sleep episode in either age group. It has been recently proposed that the wakedependent modifications observed in both waking and sleep EEGs may represent the same underlying homeostatic process in young subjects. 10 These authors found a strong correlation between the rise in theta activity (5-8 Hz) and the SWA rebound in the first NREM period of the recuperative sleep episode in young subjects. Two methodologic differences may explain the divergence of results with our study. First, the sleepdeprivation episode induced in Finelli and colleagues' study 10 was longer (40 hours vs 25 hours). It is possible that the correlation between the rise in theta frequencies in the waking EEG and the SWA rebound in the recuperative-sleep episode occurs only following a certain level of homeostatic load. In our study, the increase in homeostatic pressure may not have been sufficient to reveal the association between waking and sleep EEGs. Second, Finelli et al 10 initiated the recuperative-sleep episode at the subjects' habitual sleep time, while in our study, it was initiated in the morning. Studies using forced-desynchrony protocols have demonstrated that SWA in NREM sleep exhibits a small but significant variation with circadian phase, showing higher values as core body temperature rises. 29, 30 This may explain the absence of a relationship between the rising of theta activity in the waking EEG and the rebound of SWA during a sleep episode scheduled at an abnormal circadian phase.
Overall, there seems to be a dissociation in the middle years of life between the sleep need accumulated during waking hours and the sleep ability derived from the SWA response following a sleep-deprivation episode. Future research would first need to test the hypothesis that an attenuation in homeostatic sleep drive underlies age-related sleep changes. In addition, it will also be fundamental to know if age-related changes in sleep homeostasis reflect a reduction in need for sleep or a reduction in sleep ability (inability to generate sleep). We expect future studies that evaluate how alertness recovers following sleep episodes preceded by various wake intervals will show less improvement of alertness after recovery sleep in the middle-aged subjects compared with the young. Finally, future research should also evaluate how interactions between homeostatic and circadian processes modulate the ability to recover at an abnormal phase relationship in young and middle-aged subjects.
